Abstract: Analysis of lithofacies, paleoflow directions, and sandstone petrography of upper Paleocene-lower Eocene paralic and continental sediments exposed along the transpressional suture zone of the western margin of the Indian plate indicate that the process of deformation and uplift of the carbonate shelf in this area had started by late Paleocene time. This tectonic uplift and deformation is documented by: (1) an overall shallowing upward synorogenic sequence of sediments, (2) proximal conglomerate facies (consisting of lower Paleocene and Mesozoic clasts) dominating in the western part of the study area and distal facies of sandstone and shale dominating in the eastern part of the study area, (3) the existence of an unconformity of late Paleocene-early Eocene age in the Quetta and Kalat regions, (4) paleocurrent directions in deltaic and fluvial deposits indicating southeastward flowing sediment dispersal paths during late Paleocene-early Eocene time, which is opposite to that found in the late Cretaceous, suggesting a reversal in the depositional slope of the Cretaceous shelf, and (5) petrographic study of sandstones indicating a collision suture/fold thrust belt provenance. This episode of uplift and deformation could be the result of India-Arabian transpression with associated ophiolite obduction or, more likely, to represent the local response to initial India-Asia contact. The unroofing pattern and uplift geometry of the western Indian shelf suggests that this tectonism first started in the southern part of the study area (Kalat-Khuzdar area) during the late Paleocene-early Eocene and proceeded northward in a time-transgressive fashion.
Introduction
The collision between the Indo-Pakistan sub-continent and the Asian continent has generated the largest uplifted landmass in the world, the Tibetan Plateau and the Himalayan mountain belt, and thus provides an excellent record of continent-continent collision tectonics ( Figure 1A ). Many studies have hypothesized important geologic, climatic and biotic consequences of the Indian-Asian collision on a regional and global scale. For instance, the India-Asia collision is thought to have: (1) caused significant extrusion and associated rotation of the continental blocks that make up the Asian continent [1] [2] [3] [4] and (2) caused significant drawdown in atmospheric concentrations of CO 2 leading to the transition from "greenhouse" conditions in the Eocene to "ice house" conditions in the Oligocene [5] , and triggered the dispersal of the modern orders of mammal (e.g., perissodactyls, artiodactyls, and primates) from the Indian subcontinent into the holarctic [6, 7] . Determining the precise role of the India-Asia collision in the geodynamic, climatic, and biotic changes that occurred during the early Cenozoic requires a precise timeline of the tectonic evolution of suturing. This timeline has been difficult to constrain because so much of the stratigraphic record of the early stages of collision has been either metamorphosed or heavily deformed during subsequent mountain building. Consequently, our understanding of the early paleogeography and paleobiogeography of the region between Indo-Pakistan and southern Asia before complete tectonic closure is quite poor. The early syntectonic sedimentary records that have been identified are often controversial because of uncertain dating and structural complications [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] .
Paleogeographic reconstructions show that the Indian continent has migrated from about ~30° S latitude position to the present position of ~30° N since late Cretaceous (~80 Ma) time [18, [26] [27] [28] [29] [30] . Traditional tectonic interpretations show that the Indian continent first collided with Asia along its northwestern corner and continued rotating counterclockwise before its final suturing along the present-day Himalayas [17, [31] [32] [33] . However, recent studies suggest a much different geometry, with initial collision taking place along the northeast corner of the subcontinent [34] . In addition, estimates for the timing of initial collision range from late Cretaceous (~67 Ma; e.g., [35] ) to early Oligocene (~34 Ma; e.g., [34] ) based on different lines of evidence including changes in paleomagnetically calibrated rates of plate movement [1, 30, 36] , changes in spreading direction in the Indian Ocean [37] , age of overlap in estimated paleolatitudes of Indian terranes and Asia terranes [16, 38, 39] , age of final marine sedimentation in the suture zone [9, 12, 15, 19, 20, 40] , the onset of Indian derived eclogitized sedimention [41] , and the first evidence of faunal interchange [7, [42] [43] [44] [45] (also see reviews [17, 34] ). Other models suggest a two-staged collision, with a ~50 Ma collision of a Himalayan microcontinent with Asia followed by a latest Oligocene-earliest Miocene collision between the Indian craton and Asia [18, 23] or a ~65-61 Ma collision of the Kohistan-Ladakh arc with India followed by a ~50 Ma collision between India and Asia [46] . Furthermore, the degree of diachroneity of initial collision remains unclear with some studies indicating a significantly time-transgressive initial collision and others not [9, 12, 19, 34, 40, 47, 48] . Some of the confusion about the timing of collision is related to the definition of collision and the scientific criteria for recognizing it. Here we refer to "initial India-Asia collision" as the first time that the continental crust of the Indian subcontinent contacts the continental crust of the Asian continent. We refer to "final suturing" as the time when Indian continental crust becomes fully connected with Asian continental crust and all intervening marine deposition has disappeared. Thus, in our view, the first record of syntectonic continental sedimentation associated with the interaction of India with Asia is an indicator of initial collision whereas the age of the youngest marine deposits along the suture zone is an indicator of final suturing.
Here, we evaluate facies evolution, paleoflow directions, and sedimentary provenance of the un-metamorphosed and relatively little deformed upper Paleocene-lower Eocene sedimentary deposits preserved along the northwestern margin of the Indian plate in Balochistan Province and Khyber Pakhtunkhwa Province [formerly known as North West Frontier Province (NWFP)] of Pakistan in order to better understand the timing and cause(s) of tectonism in this region during the early Paleogene ( Figure 1 ). These rocks were deposited in the SW-NE trending Indus basin that formed just east of the Indian shelf margin as it was uplifted during the late Paleocene initiation of compressional tectonics in the region. Previous work on the tectonostratigraphy of this region has focused largely on the Ghazij Formation which records the most dramatic sedimentary evidence of tectonism [44, 49, 50] . Here we add considerably to the database of information on the Ghazij Formation and also discuss the tectonostratigraphic significance of adjacent units and their relationship to the Ghazij.
Geological Context
The northwestern part of the Indo-Pakistan subcontinent was a passive carbonate platform during the breakup of Gondwanaland and its ensuing northward drift (~Jurassic-Paleocene). These carbonates dominate the lower part of most stratigraphic sections in the field area ( Figure 2 ). Some passive margin clastic rocks are also present (e.g., Cretaceous Sember and Pab Formations) along with isolated volcanic deposits (e.g., Cretaceous Bibai Formation) that are thought to have been emplaced when the carbonate platform passed over the Reunion/Deccan hotspot as the Indian plate moved northward [33, 49, 51] . By the end of the Paleocene, it is thought that this part of the Indian subcontinent was approximately at, or slightly north of, the equator [26, 31, 44] .
During the late Paleocene and early Eocene, the depositional setting of eastern Balochistan changed dramatically. A topographically positive area developed on the northwest continental margin, creating, for the first time, a northwestern source area for clastic sediments [49] . This tectonically elevated area, named the "axial belt" [52] , is now characterized by discontinuous ophiolites (Bela, Muslimbagh, Zhob, Waziristan), associated melanges [52] [53] [54] [55] and transform faults (Chaman-Ornach-Nal fault systems), and represents the present active northwestern border of the Indian plate. The axial belt divides Pakistan into two main sedimentary basins, the Balochistan Basin to the west and the Indus Basin to the east (Figure 1 ). The Balochistan Basin has a mostly marine history and is part of the Afghan (=Helmand) block. The Indus basin is a generally northeast trending foreland basin bounded by tectonic uplifts to the north and west and the Indian craton to the southeast. Structurally, the Indus Basin is comparatively simple. The Indian shield forms a gentle monocline, which is traversed by a number of basement highs (e.g., Sargodha, Jacobabad highs, Figure 1 ), extending north-westward for varying distances into uplifted regions. These basement highs divide the Indus Basin into upper, middle, and lower sub-basins from north to south, also referred as Kohat-Potwar, Sulaiman and Kirthar depositional provenances, respectively. Upper Paleocene-lower Eocene rocks are widely exposed in the Indus Basin and exhibit a clear stratigraphic transition from shallow marine facies to continental fluvial facies. The outcrop area of these rocks mimics the western margin of the Indian plate suggesting they are closely associated with, and/or modified by, the collision between Indo-Pakistan and Asia (Figure 1 ). Probably the best example of these transitional rock units is the lower Eocene Ghazij Formation ( [44, 49, 50, 52, ; see [84] for full review). During the early Eocene, the marginal marine to non-marine Ghazij Formation was deposited on the western side of the Indus Basin, and marine sediments were deposited toward the south and east where a relatively shallow continental sea occupied the basin axis [49] . The Ghazij Formation reaches 3300 m in thickness and covers an area of more than 50,000 km 2 of Balochistan and Khyber Pakhtunkhwa Provinces of present-day Pakistan. It forms a classic shallowing-up sequence from shallow marine shales (lower Ghazij), to paralic mudstones, sandstones, and coals (middle Ghazij), to continental fluvial sanstones, locally thick conglomerates, mudstones and paleosol facies (upper Ghazij). It is bounded on the bottom by shelf carbonate limestones of the Paleocene Dungan Formation (or its equivalent), and bounded on the top by the lower Eocene Drug/Baska Formations or middle Eocene Kirthar/Spintangi Formations ( Figure 2 ).
Figure 2.
Simplified stratigraphy of both Indus and Balochistan Basins in Pakistan. Modified after [52, [85] [86] [87] . Abbreviations: Congl., Conglomerate; Fm., Formation; Gp., Group; Lst., Limestone; Sh., Shale.
Age constraints on the Ghazij Formation are based largely on biostratigraphy since no isotopic ages have been reported from it or related units and only preliminary magnetostratigraphic work has been completed [44] . Foraminifera [52, [88] [89] [90] [91] [92] , marine invertebrates [61, 93, 94] and vertebrate faunas [44, [95] [96] [97] [98] [99] [100] ] from within and above the Ghazij Formation constrain its age to be latest Paleocene to early Eocene [95] . The Hunting Survey Corporation [52] collected the oldest fossils in the Ghazij Formation from a few feet above the basal unconformity near Umai and Zawar Kanr villages in the Kach area (see Figures A1-A3 for detailed locations) . These faunas suggest a late Paleocene age for the lowest Ghazij Formation in this area. This is further supported by Gibson et al. [91] who reported both Paleocene and Eocene fossils within ~50 m interval above the Dungan Formation at Chapper Rift in the Khost area. These results imply that the Paleocene-Eocene boundary must be contained within the lower Ghazij Formation at some localities. However, the upper strata of the Dungan Group (Siazgi limestone and Sanjawi limestone; [52] ) in the Loralai and Duki areas contain fossils of early Eocene age. In view of these observations, the lower members of the Ghazij Formation in some places may correlate with parts of the Dungan Group in others suggesting the formational contact may be diachronous. The contact of Ghazij with the overlying Spintangi limestone also seems to be time-transgressive in a direction away from the Axial Belt. This is strongly indicated by the thinning of Ghazij towards the Marri Bughti Hills and the reciprocal thickening of the Spintangi [52] .
Regional Lithostratigraphic Correlations
In order to evaluate more closely the evolution of depositional environments during late Paleocene-early Eocene tectonism in this region as recorded by the Ghazij Formation and other correlative but poorly documented units, a database of over 100 stratigraphic sections was compiled from our own field work and the literature. Despite significant differences in stratigraphic nomenclature between regions, lithogenetic correlations are relatively straightforward between sections. These correlations are used to develop representative fence diagrams for the southwestern, central, and northeastern parts of the field area that, in turn, can be used to interpret the timing and geometry of regional tectonism. In general, the Paleocene to lower Eocene stratigraphic succession throughout the field area is characterized by a shallowing upward sequence with course clastic facies in the west grading to fine-grained clastic and carbonate facies in the east. However, the timing of these facies transitions gets progressively younger toward the northeast, indicating that the onset of tectonism was time-transgressive.
Southwestern Region of Study Area
Conglomerate is the most dominant and significant upper Paleocene-lower Eocene lithofacies in the southwestern portion of the study area. Near the city of Kalat, it is known as the Marap Conglomerate ( Figure A1 , [52] ). South of Kalat, similar types of conglomerates are reported from the axial belt and are named the Gawanick Conglomerate. Near the village of Marap at the Bitagu locality, ~900 m of partially covered yellowish gray to brownish gray mudrock interbedded with subordinate conglomerate and sandstone beds separates a lower ~650 m thick conglomerate from an upper ~2300 m thick massive conglomerate (Figures 3 and A1) . Eastward, the middle mudrock facies correlates to the lower Ghazij and the upper conglomerate facies correlates to both the middle and upper parts of the Ghazij Formation (Figure 3) . Northward, we correlate the lower conglomerate facies to conglomerate facies in the upper part of the Paleocene-lower Eocene Gidar Dhor Formation, and to pebbly conglomerates in the Kach area near Quetta (see Figure A1 for detailed locations).
In the southern part of the Marap valley, both the lower conglomerate and the mudstone interval that divides the conglomerate into lower and upper are missing due to erosion or a faulted contact. Here, the upper conglomerate facies unconformably rests directly on Mesozoic rocks. At Pir Hazar in the axial belt, the unconformity is observed about 75 m below Marap conglomerate. Here, the interval between this unconformity and the base of the Marap Conglomerate represents the Gidar Dhor Formation (although it was mapped as Parh Group by [52] ) and is similar to the base of Gidar Dhor to the south at Shahdadzai. The lower part of the Gidar Dhor is Paleocene in age based on foraminiferal biostratigraphy and its superpositional relationship with the overlying Ghazij Formation [52] . The unconformity at Pir Hazar is represented by a ~2.50 m thick zone of deeply weathered, highly bioturbated, friable, quartz-rich shoreface sandstone that contains bioturbated sandy clay at its top. The base of the sandstone and the sequence below the unconformity bed is covered making it difficult to determine whether the unconformity is between Cretaceous rocks and Gidar Dhor Formation or within the Paleocene Gidar Dhor Formation itself. Either way, it indicates that the western margin of the Indian continent, which was part of a carbonate shelf prior to deposition of the Gidar Dhor, was considerably uplifted by late Paleocene time [32] .
In general, the conglomerate sequence in the southwestern part of the study area grades into sandstone, shale and limestone facies to the east, north-northeast and south-southeast of the Kalat plateau ( Figure 3 ). These facies have been mapped as different formations (Gidar Dhor and Rodangi Formations in the axial belt, Karkh and Ghazij Formations east of the axial belt; [52] ) but seem to represent parts of a genetically integrated deltaic fan complex. In the area around Johan, the lower conglomerate corresponds to a transition from thin to medium bedded limestone and shale to chaotically bedded limestone pseudo-conglomerate (uppermost part of the Karkh group of [52] ). This upper chaotic interval, which is >30 m thick in this area, includes massive paleo-slump blocks of limestone (block size ranges up to 15 m × 30 m) intercalated between normally bedded gray green shale and crumbly sandstone. The upper conglomerate thins to the east as well, with thicknesses ranging from 90 to 625 m in different parts of the Kalat plateau. As the upper conglomerate thins, it interfingers vertically and laterally into the middle and upper parts of the Ghazij Formation ( Figure 3) . As with the lower conglomerate sequence, this upper conglomerate facies reflects the geometry of a deltaic fan deposit with large lateral thickness variations representing internal local sub-divisions of the fan. Clearly, the presence of such well developed deltaic fans of synorogenic sediment indicates a significant period of tectonism along the northwest margin of the Indian subcontinent starting in the late Paleocene in this area. Map of Eocene Ghazij, Panoba, and Mami Khel (=Kuldana) Formations with sites of measured stratigraphic sections that are used in adjacent fence diagrams. Fence diagrams show that coarser continental facies generally thin toward the east/southeast creating well preserved wedges of syntectonic clastic detritus (red). The onset of this syntectonic continental sedimentation is oldest in the southwest (Kalat region), where it begins before the Paleocene-Eocene boundary, and is youngest in the northeast (Bannu-Kohat region), where it occurs in the later part of the early Eocene.
Central Region of Study Area
In the central part of the study area near Quetta ( Figure 3 , see Figure A2 for detailed locations), two pulses of conglomeratic deposits are also recognized although they are much thinner and more localized than in the Kalat region to the south. The upper conglomerate is at the base of the upper Ghazij Formation in this area, and is commonly known as "Ghazij conglomerate". The lower one is at the base of the lower Ghazij in the area around Kach and is here called the "Kach conglomerate". Outcrop exposures of the Ghazij conglomerate have limited lateral extent and are confined to geographically isolated bodies (e.g., Sor Range-Daghari and Shahrig-Harnai coalfields, western limb of the Waro Jhal syncline in the area south of Mach; Figure 3 ). The geographically isolated conglomerate bodies that form the base of the upper Ghazij in these areas, range from 4 to 25 m in thickness, and represent localized conglomerate fan deposits. They tend to thin towards the south and east, grading into coarse sandstones. The Kach Conglomerate (conglomerate at base of lower Ghazij) and its distal pebbly sandstone facies are located primarily in the Kach and Khost-Shahrig areas, however it is faulted in the Kach area ( Figure A2 ).
The paralic middle Ghazij facies (sandstones, coals, carbonaceous shales) are relatively thin in the westernmost part of the Quetta region (minimum thickness = 16 m; [49] ). The middle Ghazij attains a maximum thickness of about 500 m to the southeast at Pir Ismail Ziarat and Mach (Figures 3 and A2 ).
The presence of such a thin middle Ghazij in the west compared to its average regional thickness is probably due to the presence of conglomerate facies at the base of the upper Ghazij that may have removed a considerable amount of middle Ghazij from this area. Sandstone bodies in the middle Ghazij of this area vary in thickness and composition considerably. East of Quetta in Khost and Shahrig, thick (20 m) sandstone bodies containing rip-up clasts of mud, cross-stratification, and internal erosional surfaces indicate a high-energy fluvial environment of deposition. These high energy deposits grade into lower energy, thinner, finer grained, and more calcareous sandstone bodies to the south at Pir Ismail Ziarat and Mach. This spatial distribution of thickness in the middle Ghazij Formation and its sandstone facies suggests that the Ghazij delta was accumulating at its fastest rate in the region between the Khost and Pir Ismail Ziarat with a transition to progressively deeper water conditions to the east and south.
The upper Ghazij of the Quetta region is characterized by continental fluvial facies including paleosols and interbedded channel sandstones. In general, the upper Ghazij follows the same thickening and thinning pattern as for the middle Ghazi in this region, with thick deposits of the upper Ghazij (more than 800 m) present in Pir Ismail Ziarat that thin towards the south and southeast in Mach and Harnai (Figures 3 and A2 ). Fossil mammals have been recovered from both the middle and upper Ghazij Formation in this part of the field area [44, [95] [96] [97] [98] [99] [100] .
As in the southern part of the field area near Kalat, the axial belt in the central part of the field area around Quetta is also characterized by an unconformable zone separating underlying upper Cretaceous-lower Paleocene rocks from the overlying upper Paleocene-lower Eocene rocks. For instance, an unconformity marked by a sandstone unit similar to what was observed at this interval in the Kalat area has been observed at Brewery Gorge ~8 km west of Quetta between the Paleocene Brewery limestone and underlying Cretaceous rocks [101] . An unconformity also exists at this level in the Quetta valley, ~6 km northeast of Baleli Railway Station where the Ghazij unconformably lies on lower strata of the Cretacous Parh Group [52] . In this case, the unconformity is characterized by a weathered pseudo-conglomerate (0.20 m thick) consisting of lateritic ocher and limestone containing Paleocene foraminifera. Other observations suggest that the pseudo-conglomerate at the base of the unconformity in the Quetta valley is present on a regional scale. A similar pseudo-conglomerate bed is reported from the Dungan hills (southeast of Harnai) by Oldham [56] and observed in the Mach area at the base of the lower Ghazij, where it is more than a meter thick and very localized in its lateral extent. It is present as isolated limestone slumped blocks in the Johan area ( Figure A1 ) at about the same stratigraphic level as in Mach. Also, it is observed in the Waziristan area (northeast of Mir Ali on the road to Thal; Figures A3 and A4) at the base of a thin variegated shale and sandstone sequence where it is mapped as Paleocene Patala Formation by Meissner et al. [102, 103] . The regional presence of a weathered unconformity between lower Eocene rocks and underlying Paleocene or Cretaceous rocks along the axial belt represents another strong piece of evidence that collision tectonics had begun in this region by upper Paleocene time.
Northeastern Region of Study Area
The upper Paleocene-lower Eocene deposits of the northeastern part of the study area in the Loralai and Dera Ismail Khan (D.I. Khan) regions exhibit only one recognizable pulse of continental sedimentation that occurs in the later part of the early Eocene ( [44, 96, [98] [99] [100] . The upper Ghazij Formation at Mughal Kot and Drazinda contains thick red mudstone intervals with lesser amounts of sandstone. Most sandstone bodies at Mughal Kot are thick, tabular channels, whereas, north of Mughal Kot in Drazinda the sandstone bodies have a more sheet-like geometry, are relatively thin, highly calcareous, bioturbated and contain small-scale cross-stratification. These sandstone bodies are generally intercalated with less mature paleosol intervals of red to reddish brown, maroon, purple and yellowish brown to yellowish gray color that reflect different degrees of hydromorphy. These red mudrocks of the Drazinda area thin gradually northeastward toward Waziristan (Nili Kach and Jandola areas) and east of the axial belt they merge vertically into red purple and dark maroon mudrocks of the Baska Formation and laterally (eastward) to green marine shales of the lower Ghazij (Figures 3 and A3) .
The Baska and the middle and upper Ghazij Formation lose their identities in Waziristan somewhere between Jandola and Mir Ali ( Figure A3 ). Here these units all transition into the green marine shales of the lower Ghazij and laterally equivalent Panoba shale [103] The clastic wedge represented by the upper Ghazij and Kuldana Formations in the northeastern part of the study area was deposited due to tectonic deformation that uplifted Waziristan and the west-northwestern part of the Kohat area of the Indian plate during the late early Eocene. Prior to the late early Eocene, the Kohat area was part of the Indian shelf as indicated by lower Eocene limestone and marine shale deposits in the area (Shekhan Limetone, lower Ghazij, and Panoba shale deposits). The Kohat part of the Indian shelf then uplifted, forming continental environments during late early and early middle Eocene time (deposition of Kuldana Formation; [104] ). The shallowing-up lithologic sequence in the area represents the youngest continental deposits in the region that are associated with this early Paleogene stage of collision. The coarser syntectonic sediment (conglomerate near Mir Ali and coarse sandstone facies of the Gurguri sandstone) was deposited in the west-northwest, proximal to the uplifted collision belt, whereas fine sand and mudstones (Mami Khel facies) were deposited basin-ward towards the east (Banda Daud Shah area). Correlation of the uppermost Ghazij sandstone facies at Mughal Kot, Kingri and Gandhera with the Gurguri sandstone facies of the Kuldana Formation is supported by the presence of similar mammalian faunas [98, 105] .
Paleocurrent Directions
Paleocurrent data from upper Cretaceous to Eocene sandstone bodies in the study area were collected in order to establish flow direction during this period of significant change in depositional environments. Trough cross beds and tabular cross beds are the most common sedimentary structures that preserve paleocurrent information in the study area and are used here for the purpose of estimation of flow directions. Paleocurrent measurements were collected from sandstone outcrops that preserve three-dimensional exposures in order to constrain the direction of maximum dip for foresets and troughs as precisely as possible. At least three separate measurements of current direction were collected at each sandstone outcrop/site. Those sites where apparent dip of foresets was the only information available, two apparent dips were measured on each cross bed in order to define the inclined plane by stereographic projection. At places where the trough axis could not be measured directly, it was constrained by measuring the trough limbs [106] . Most Ghazij outcrops in the region are also structurally inclined, so stereographic projection was used to perform horizontal axis tectonic corrections. It is also likely that the region has undergone some amount of vertical axis rotation, which may also affect cross-bed measurements. Although this could not be accounted for, it should not significantly affect the interpretation of results since measurements in each of the sub-regions of the field area will have been similarly rotated, so observed stratigraphic changes in flow directions should indicate real changes on topographic gradients. About 750 paleocurrent measurements of foresets and trough cross beds from sandstones were recorded over an area that extended from Kalat in the south to Mughal Kot in the north [Figures 4 and A5-A7, Table S1 (Table S1 can be found in the supplementary online material)].
Cretaceous sedimentary rocks in the study area represent pre-collision deposits of the western margin of the Indian plate. These rocks are interpreted to have been deposited on the westward sloping shelf of the Indian plate during its northward flight after separating from Gondwana [107] . The Cretaceous rocks dominantly consist of shelf carbonate deposits (e.g., Parh Formation) or near-shore clastic deposits (Mughal Kot Formation); however, channel deposits are present in the upper Cretaceous Pab Formation and contain abundant sedimentary structures. A total of 50 foreset paleocurrent measurements were recorded from the Pab sandstone at Hingulun Nala (Loralai region) and stratigraphically equivalent sandstones from Bitagu (Kalat region). The paleocurrent rose diagram shows a dispersed but unimodal current pattern (Figure 4 ). The mean of the foreset values indicates dominant flow was toward the northwest in both locations [313° ± 17° (± 95%) at Hingulun Nala and 293° ± 14° at Bigatu]. These results are consistent with previous research from the Pab Formation in Rakhi Nala [108] , the eastern Sulaiman Range [109] , and the Kirthar Range [110] .
Paleocurrent flow directions were also collected from the upper Paleocene and lower Eocene rocks of the Gidar Dhor Formation, and lower, middle and upper parts of the Ghazij Formation. A total of 42 foreset and trough paleocurrents were recorded in the Kalat region from the Gidor Dhor formation (Figure 4 ; Table S1 ). The paleocurrent measurements indicate a moderately dispersed southeastward paleoflow varying towards the northeast and southwest. The vector mean of foresets show dominant southeastward paleoflow toward 142° (±38°), whereas the troughs indicate west-east axis of transport (268°-88°) in the Surab and Johan areas. Although paleocurrent measurements for this interval are relatively poorly sampled, the dominant paleoflow is in the southeastward direction throughout this time in the region (Figure 4) . Paleocurrent data from the lower part of the Ghazij Formation were collected from Loralai and Kach regions. A total of 56 foreset and trough paleocurrent measurements were recorded from sandstone bodies present in the middle of the lower Ghazij Formation in the Duki and Kingri areas (Figures 4 and A5 ; Table S1 ). Paleocurrents here show unimodal highly dispersed southwestward paleoflow varying to the southeast. The mean of the foreset values shows dominant paleoflow at 205° towards the southwest, whereas trough values indicate a northwest-southeast axis of transport (132°-312°; Figure 4 ). These measurements are from 12 different sites and indicate that the principle flow directions of the rivers were consistently toward the south in this area (Figure 4) . Table S1 and Figures A5-A7) .
A total of 258 foreset and trough paleocurrent measurements were recorded from the middle part of the Ghazij Formation at various localities of the Kalat, Quetta, and Loralai regions (Table S1 ). The paleocurrents here show dominant south-southeastward flow with variation towards the east-northeast and south-southwest (Figures 4 and A6) . Overall, in the area south of the Quetta syntaxis, the vector mean paleoflow directions of both Kalat and Quetta regions indicate a very consistent southeastward paleoflow direction with local variations toward the northeast, east and southwest. Paleocurrents from the Loralai region to the northeast of Quetta syntaxis show dominant southwest paleoflow. The overall mean current direction from middle Ghazij foreset beds is 163° (±12°) and the troughs indicate an axis of transport trending 264°-84°. The highly dispersed but unimodal current directions of the middle Ghazij may represent a braided/distributary flow pattern of a deltaic environment with local and regional differences in the flow directions and/or the influence of vertical axis rotations associated with the Quetta syntaxis.
Paleocurrent data from the upper part of the Ghazij Formation were also collected at various localities of the Kalat, Quetta, Loralai and Dera Ismail Khan regions. About 320 foreset and trough paleocurrents were recorded from this part of the formation (Table S1 ) and show the same south southeastward flow pattern as the middle part of the Ghazij (Figure 4) . The directional variance of the upper Ghazij decreases slightly as compared to the middle Ghazij. The mean azimuth of foreset current directions is 164° (±17°) whereas the mean azimuth of trough directions indicates a west-east axis of transport (271°-91°, Figure 4) .
Taken all together, these paleocurrent data show quite clearly that paleoflow was mainly towards the west and northwest during Cretaceous time whereas during late Paleocene-early Eocene time, they reversed and the paleoflow direction was dominantly towards the east and southeast (Figure 4 ). These changes in paleoflow direction support the sedimentary evidence for tectonic uplift of the Cretaceous shelf during late Paleocene-early Eocene time and are consistent with a reversal in the regional depositional slope at this time.
Sediment Provenance
The goal of provenance studies is to determine the composition of the source area from which clastic deposits were derived and to characterize where rocks have been removed by erosion and deposited in adjacent basins. Provenance information of this type can be used to help reconstruct original basin configuration, regional paleogeography, paleotectonic setting, and the uplift history of source areas [111] [112] [113] [114] [115] . By evaluating provenance changes through time, it is also possible to characterize local and regional crustal evolution of source areas [111] . Previous petrographic studies from the study area show considerable geographic variation in sandstone compositions [49, 80, 81, 83, 116] . Here we report new petrographic results from the Ghazij and correlative units to better understand the spatial variability of sandstone compositions and more fully reconstruct the tectonic setting of the western Himalayan suture zone during the early Paleogene.
A total of 82 representative sandstone samples were analyzed from the Ghazij Formation and related rock units including Gidar Dhor and Kuldana Formations for provenance analysis. Collected sandstone samples cover an area of the western margin of the Indian plate that extends from Kalat in the south to Kohat in the north (Figure 1 ). Standard thin section slides were prepared and stained for K-feldspar and calcite. All thin sections of sandstones were examined under a petrographic microscope and each grain encountered under the cross hairs of the microscope was identified, counted and recorded using an electronic point counter that automatically advanced the stage a given distance. A total of 450 framework grains on each thin section slide were counted and recorded in this way. Grains that were altered but still identifiable were counted as the original grain. This was common for plagioclase feldspar, which is often partially altered to clay. In these rocks it was sometimes difficult to distinguish between chert, especially the radiolarian type, and devitrified glass rock fragments containing spheroids that look like zeolites or chalcedony. Scanning electron microscope (SEM) analysis on these grains helped by evaluating whether the spherical part is dominated by Si (chert) or whether it also contains Al, Mg, K, Ca, and Fe (glass). For SEM analyses, slides were first coated with a fine-grain conductive layer of carbon. The carbon-coated sample was then left for about 24 h to dry. After carbon coating, the thin sections were observed with an AMRAY 3300 FE (SEMTech, North Billerica, MA, USA) scanning electron microscope (SEM). SEM images of each sample were taken at various magnifications and energy dispersive analysis of X-rays (EDX) for elemental analysis was done on several areas of each sample. For purpose of provenance analysis, the 450 framework detrital grains that were identified and counted in detail on each thin section slide were grouped and categorized into the following standard groups: quartz (polycrystalline, monocrystalline), feldspar (plagioclase, orthoclase) and lithic rock fragments (igneous, sedimentary, and metamorphic). The results were plotted on standard QFL provenance ternary diagrams as outlined by Dickinson [112] and grouped according to region and formation to assess spatial and temporal variation.
Petrographic results show that sandstones from the Ghazij Formation and associated other units in the field area are dominated by rock fragments and quartz grains [ Figure 5 ; Table S2 (Table S2 can be found in the supplementary online material)]. Among the various types of rock fragments, limestone and chert are the most abundant. Volcanic and other igneous rock fragments are typically minor constituents but are abundant and dominant locally at certain stratigraphic levels in Quetta and the Kalat regions. Cement is coarsely crystalline calcite, some of which is ferron calcite, and quartz. The minor compositional constituents identified under microscope and SEM-XRD studies of the sandstones are shown in Table 1 . Although igneous rock fragments are present at many locations, their modal percents are generally low. However, there are a few localities and stratigraphic horizons where igneous rock fragments are abundant. Higher igneous content in Ghazij sandstones is generally observed in those areas which are closest to the axial belt. For instance, sandstones in the Kach area have igneous rock fragment contents of up to 61% with subordinate feldspar, quartz and limestone fragments. Igneous content gradually decreases away from the axial belt towards the east. For instance, middle Ghazij sandstone samples collected near Quetta, which is near the axial belt, have an average igneous content of 15.6% whereas sandstones from the same stratigraphic interval in the more distal Loralai/D.I. Khan area average 6.2% (Table S2 ). The slightly older Gidor Dor Formation which outcrops in the southwestern part of the study area and the slightly younger Kuldana Formation which outcrops in the northeastern part of the study area were also sampled at various locations. Sandstones from these units mimic the Ghazij sandstone in being dominated by either limestone rock fragments or quartz with subordinate feldspar and igneous rock fragments (Table S2) .
Petrographic results are plotted on standard ternary diagrams with overlays of provenance classification [112] to help interpret the late Paleocene-early Eocene tectonic setting of the study area ( Figure 5 ). The QFL (quartz, feldspar, lithic fragment) ternary diagram shows mostly a recycled orogen provenance for the Ghazij, Gider Dhor, and Kuldana Formations. The QLvLs diagram (quartz, igneous rock fragments, and sedimentary rock fragments) shows most samples falling in the collision suture and fold thrust belt provenance with some Gidor Dhor Formation samples from the Quetta and Khost-Sharig regions having an arc orogen source. Figure 5 . Distribution of detrital modes for upper Paleocene-lower Eocene sandstone rocks of the study area are plotted on standard ternary diagrams with overlays of provenance classification [112] . Results show that the Ghazij is dominated by recycled orogen, collision suture and fold thrust belt sources. (A) Standard modal composition of quartz, feldspar and rock fragments (QFL) for sandstone rocks separated by geography; (B) Relative abundance of rock fragment types for sandstone rocks separated by geography (see also  Tables 1 and S2 ). Q, quartz; F, feldspar; Lt, total lithic fragments; Ls, sedimentary lithic fragments; Lv, volcanic lithic fragments.
The most striking pattern in these data is the geographic pattern of compositional variability. Sandstones from the southern part of the field area (Quetta, Kalat) are dominated by sedimentary rock fragments (mostly limestone grains). Sandstones from the central area around Kach contain abundant volcanic material. Sandstones from the northern part of the field area (Loralai region) are dominated by quartz ( Figure 5 ). This strong spatial variation in sandstone composition suggests the existence of isolated watersheds that drained local sediment sources without significant mixing by large through-going fluvial systems. The southern limestone-and rock fragment-dominated compositional domain is separated from the northern quartz-dominated compositional domain of the Loralai and D.I. Khan regions by the Quetta syntaxis suggesting that some pre-existing structural feature in this area may have led to subsequent syntaxial folding (Figure 1) .
The high percentage of limestone grains in the Ghazij Formation sandstones from the area surrounding and south of Quetta indicates that the local source area was dominated by limestone. There are thousands of meters of Triassic to upper Paleocene carbonates directly below the Ghazij Formation that are extensively exposed as part of the axial belt (Dungan, Parh, Goru, Mughal Kot, Fort Munro, Chiltan, and Shirinab Formations; [52] ). These rocks must represent the dominant source rock in the area south of Quetta during the late Paleocene-early Eocene. Some of these units (Parh and Chiltan Formations) also contain chert, which would explain the common presence of chert fragments in the Ghazij and Gidor Dhor Formations in these areas. The high percentage of quartz grains in the northeastern areas of Loralai, and D.I. Khan is interpreted to be derived from the quartz sandstones of the Pab Formation. There is no other source rock known to have been present in the region that could provide enough quartz to the Indus basin during late Paleocene-early Eocene time. The only other possible source that could provide this quantity of quartz to the Indus basin at this time is the Precambrian felsic crystalline rocks which are present to the east of the basin towards the Indian craton. However, the interpreted paleocurrent directions from the Ghazij Formation do not support any easterly source area at this time. The Pab sandstone, about 465 m thick in this area [52] , is interpreted to be derived from the Precambrian felsic crystalline rocks during upper Cretaceous time [107] . A Pab source for these Ghazij sandstones is also supported by the rare presence of reworked detrital tourmaline grains in the Ghazij samples from this area, which is considered one of the diagnostic compositional characteristics of the Pab. The Ghazij sandstones from the Loralai and D.I. Khan regions thus show a similar pattern to Ghazij sandstones from south of Quetta in being dominated by grains from immediately underlying Mesozoic sedimentary units.
The igneous rock fragments that dominate the sandstones near Kach and are locally abundant in the Ghazij and upper Gidar Dhor Formations are interpreted to have been derived from the upper Cretaceous Bibai Formation, the Bela volcanic group, and the ophiolites that are intermittently exposed within the axial belt. The Bibai and Bela volcanic rock suites are thought to be associated with hotspot activity and are recognized as alkali basalts [117] [118] [119] [120] [121] . They are dominated by amygdaloidal pillow basalts and basaltic volcaniclastic rocks. The igneous grains in the sandstone from the Kach and Quetta regions are mostly altered volcanic rock fragments composed of basalt and volcanic glass and are thus consistent with being sourced from the Bibai and Bela volcanic suites. Some sandstones in the middle part of the Ghazij at Khost-Shahrigh, Pir Ismail Ziarat and Mach are greenish in color probably due to alteration of the volcaniclastics into chloritic clay minerals. These green sandstones are known to increase in thickness towards the west in the Kach area where the Bibai Formation is well exposed. Less commonly present in these areas are mafic/ultramafic grains that are likely derived from ophiolitic rocks currently exposed in the northwestern part of the region (Figure 1 ). Rare chromite grains in the Quetta region sandstone samples were interpreted to be derived from these ophiolitic complexes as well [49] , however sills and dikes present within Triassic carbonate rocks as part of mantle plume activity during the earliest rifting of northwestern margin of Indian plate from the Afro-Arabian plate could explain these observations as well [121, 122] .
In each case, upper Paleocene-lower Eocene sediments in the field area can be traced to local underlying units of Mesozoic or early Cenozoic age indicating that they represent the initial erosional products of uplift and unroofing along the western margin of the Indian subcontinent. This further supports the interpretation from facies analysis and current direction analysis that the Ghazij and related units represent the sedimentary response to a significant early Paleogene tectonic collision. The overall erosion and unroofing pattern across the field area is also consistent with a time-transgressive initial uplift. Source rocks of the Kalat area were the most deeply eroded and involved detrital limestone grains from Jurassic rocks. Source rocks in the Quetta area are dominantly represented by Cretaceous rock units (mostly Parh, Bibai Formations) and source rocks in the Loralai and D.I. Khan areas are dominantly represented by the upper Cretaceous Pab Formation. This erosional pattern indicates that uplift and erosion of Indian shelf rocks first started in the south along the transpressional margin of the Indian plate as a result of initial collision tectonics and proceeded northward towards the Kohat area.
Discussion and Conclusions
Our examination of lower Paleogene sedimentary units in Balochistan and Khyber Pakhtunkhwa Provinces of Pakistan indicate that the process of deformation and uplift of the western margin of the Indian subcontinent was started as early as late Paleocene time ( Figure 6 ). This tectonic uplift along the western margin of the Indian continent is documented by several independent lines of evidence: (1) The Ghazij Formation and related units contain synorogenic sediments in an overall shallowing upward sequence that are interpreted to be part of the earliest deltas formed on the actively uplifting western carbonate margin of the Indian subcontinent. (2) Proximal conglomerate facies of the shallowing-up sequence dominate in the west whereas distal facies of sandstone and shale dominate in the east, indicating a reversal in the depositional slope of the Cretaceous shelf and the existence of shallow marine conditions in the area between the newly uplifted margin and the Indian craton. This phase of deformation along the western margin of the Indian continent could be related to one, or more, regional tectonic processes depending on the paleogeographic model that is assumed for this time interval. One possibility is that the deformation documented here is the result of initial India-Asia continent-continent collision along a transpressional contact. This interpretation is supported by structural and geophysical evidence for a Paleocene-early Eocene age for initial India-Asia contact [16, 32, 37, 39, [123] [124] [125] and would contradict arguments for a significantly older [35, 42, 43] or younger [10, 34, 48, 126] age for collision. Our results also suggest that the collision began along the transpressional western margin between the Indian plate with the Central Afghan Block (which was fully sutured to Asia by the mid-Cretaceous [127] ), instead of along its compressional northwestern corner [26, 31, 128, 129] or northeastern corner [34] as previously proposed. A highly oblique, transpressional setting is supported here because there is no evidence (e.g., volcanic ash deposits or arc related detrital materials) for an active arc in this region during Paleocene time. Under this model, the middle Eocene shallow marine units (e.g., Drug Formation, Baska Formation, Spintangi Limestone and Kirthar Group; [71, 87] ) that overlie the upper Paleocene-lower Eocene syntectonic deposits like the Ghazij represent the temporary inundation of this region caused by ensuing subsidence due to the continued counterclockwise rotation of the Indian plate after initial collision. It is also possible that the tectonic uplift documented for the Balochistan region is due to collision of the northwestern Indian margin with a separate, non-Asian terrane, like an exotic terrane (e.g., Kabul block) or an intra-oceanic island arc [46] , rather than with Asia itself. This interpretation is supported by recent paleogeographic reconstructions based on marine magnetic anomalies [18, 23, 36] which place NW India due east of Oman at that time (however also see [21, 24] ). It is also generally consistent with reconstructed emplacement histories of the Bela, Muslim Bagh, and Zhob ophiolites during the Paleocene [130] and is easily reconciled with estimates of shortening in the adjacent Asian (Afghan block, Iran) and Indian (Sulaiman Lobe) regions [127, [131] [132] [133] . However, we regard this interpretation as less likely for a several reasons. Although the Kabul block has an enigmatic origin [32, 123, 126, 134] , it is a relatively small (~200 km) continental fragment compared to the geographically widespread uplift observed here. Similarly, ophiolite obduction by itself does not normally leave behind the large-scale tectonostratigraphic imprint documented here. The most precise estimates for the timing of obduction for the western Pakistan ophiolite belt is early Paleocene [130] which is significantly older than the age of the syntectonic deposits discussed here and the petrographic data reported here provide very little direct evidence for widespread ophiolite unroofing at this time. More importantly, mammal faunas from the Ghazij and similar units in India unequivocally record the dispersal of taxa between the Indian subcontinent and Eurasia by early Eocene time supporting a close continental connection between the two continents at this time [7, 44, 98, [135] [136] [137] [138] .
The units described here extend over 800 km laterally and reach thicknesses of over a kilometer, including places where there is over 500 m thickness of continuous conglomerate (Marap Conglomerate). Such large horizontal and vertical scales for units with obvious syntectonic origin require similarly large tectonic mechanisms to produce them and the onset of transpressional collision between this part of the Indian subcontinent and the Afghan block portion of the Asian continent is the most parsimonious explanation in this context. Many reviews of the tectonic evolution of the India-Asia collision have overlooked these deposits (e.g., [17, 34] ) despite their long known existence (e.g., [49, 52] ). However, given their age and considerable scale, any complete model for the early tectonic evolution of this region must account for them in some way.
The study of regional lithofacies of the Ghazij Formation and related units indicate that the associated uplift of the Indian margin was time-transgressive (older in the southwest and younger in the northeast). This is evidenced by the earliest terrestrial synorogenic sediments (e.g., conglomerates) being late Paleocene-earliest Eocene in age in the southern Kalat and Quetta regions but late early Eocene in age in the northern D.I. Khan and Kohat areas. Provenance data showing that erosional unroofing was deepest in the southwest are also consistent with this time-transgressive uplift across the study area. If the uplift of the northwestern Indian margin documented here was caused by initial India-Asia collision, these results are consistent with the conclusions of Rowley [9] who reviewed stratigraphic data from the Himalayas and reported that the initial age of collision in the Hazara-Zanskar area to the north of Kohat was 50.7 Ma (late Ypresian) and that the collision became younger towards the east (also see [12, 15, 20, 39, 47] ). In this context, our results indicate that initial India-Asia collision first began in the southwest Kalat-Khuzdar area near the Paleocene-Eocene boundary (~55 Ma) and proceeded northward along a transpressional margin in late early Eocene time as recorded in the north by the Kuldana Formation (~52 Ma; terrestrial mudstone deposits) and sediments from the Hazara-Zanskar areas (~51 Ma, [9, 12, 40] ). The Kuldana Formation sits between the southwestern transpressional collision suture and the main northern compressional collision sutures and thus represents a depositional transition between the two suture zones. 
